INTRODUCTION
The fundamental elements of a hydrodynamic hull-form optimization technique consist of an optimizer, a numerical solver and a hull-form modification.
As an optimizer, gradient-based optimization technique has been widely used because of fast convergence. The Non-Linear Programming (NLP) technique has been principally challenging various gradient-based optimization techniques. SQP algorithm that uses an active set strategy in solving Quadratic Programming (QP) and QP sub-problems proves to be efficient in locating the points of local optima and the most successful method for solving non-linearly constrained optimization problems.
As a numerical solver for finding the ship resistance which is used as an objective function in the optimization process, the Navier-Stokes solver should be applied to take viscous effects into account. However this approach consumes excessive computation time in generating computational grid and numerical computation and faster and more reasonable approach therefore need to be available in the practical stage. A potential flow solver based on the Rankine source panel method has been widely applied as an alternative to the Navier-Stokes solver. The hull-form optimization were performed applying the Rankine source panel method to achieve the wave-making resistance as the objective function focusing on the optimization of the bowbody shape (Suzuki et al., 2005; Zhang et al., 2009; Zhang, 2012) .
A hull-form modification technique is very important in hydrodynamic hull-form optimization. During the optimization process, we only need to modify the original hull-form, which is called the mother ship, and the development of an efficient hull-form modification technique for the mother ship is essential in order to make the optimization process efficient and practical.
Three principal approaches have been widely used in hull-form modification (Chen et al., 2006; Han et al., 2012; Maisonneuve et al., 2003; Peri et al., 2005; Tahara et al., 2004; Tahara et al., 2006) .
The first approach, which originated from ship designers in yards, is to use parametric modeling where the original hull geometry can be easily deformed as well as modeled by a direct selection of design parameters. This method is very practical for designers since the parametric modeling can be easily linked to the optimization process. However, it is difficult to describe highly complex geometries of a modern commercial ship with all of the form parameters.
The second approach is to directly handle the original hull-form by modifying a ship lines which consists of a body plan, a sheer plan and a half breadth plan. However, this method requires a great deal of computation time in the optimization process and has a critical drawback in that the fairness of the generated hull-form cannot always be guaranteed.
The third approach is to use perturbation surfaces generated by modification functions such as B-spline and Bezier techniques. This method is much improved from the second approach in terms of computation time and the fairness of the generated hull-form and has been successfully employed for the optimization of commercial ships. However, this approach needs a few of control vertex to describe the original hull-form and difficult to maintain the ship-like shape of the modified hull-form during the optimization process and a great deal of computation time is required because of a lot of design variables.
In the present study, a bell-shape modification function was developed in order to solve the problems of previous researches. This approach could use a small number of design variables to modify the hull-form and easy to maintain the ship-like shape of the modified hull during the optimization process. SQP was used as an optimizer and the Rankine source panel method was adopted to compute the objective function in which the fully non-linear free surface condition and the trim and sinkage of the ship were taken into account. Numerical analysis was performed to investigate the validity of the proposed algorithm using a container ship. The numerical analysis was validated by comparison with the experimental analysis.
BELL-SHAPED MODIFICATION FUNCTION
The bell-shaped modification functions are applied to modify the original hull in the optimization process. The original hull is modified by multiplying the functions and design variables. The design variables represent the moving distance of the specific coordinates which is selected by the user.
Two types of the bell-shaped modification functions are applied to modify the hull profile and the hull surface as shown in Figs. 1 and 2. for modifying the hull surface.
The bell-shaped modification function for modifying the hull profile is defined as 
The modified hull profile is expressed mathematically as
In Eq. (4), applying two (left) and six (right) design variables. Fig. 4 shows the fore part of the hull profile which is modified by two (one) or six (three) design variables (points). After the hull profile is modified, the grid points making up the hull surface should be transformed according to the modified hull profile.
The transformation of the hull surface is attained by the use of the following formulas 
The bell-shaped modification function which modifies the hull surface is defined as follows 
, ,
In Eqs. (10-14), 
OBJECTIVE FUNCTION
In the lack of knowledge of viscosity of the fluid and wave breaking, the irrotationality of the incoming flow is preserved and a potential flow may be assumed, in which the velocity vector is defined as the gradient of a velocity potential ( φ ). The velocity potential is governed by the Laplace equation as the fluid is assumed to be incompressible. 
Over the wetted part of the hull surface, the fluid particle should not penetrate the hull surface and the normal component of the flow velocity on the hull surface should be zero 0 n φ = on the hull surface (18) n : unit normal vector.
On the free surface, the flow velocity must be tangential to the free surface, which means that the flow particle at the free surface should not leave the free surface h : wave elevation.
The pressure on the free surface, which is expressed in the flow velocities and wave elevation through Bernoulli's law, should be constant at the free surface The disturbance due to the ship approaches zero and the velocity potential should be the same as the incoming velocity potential as the distance from the ship approaches infinity. The wave-making resistance coefficient ( W C ) is hence given by the integration of the pressure coefficient over the wetted hull surface and used as the objective function in this optimization problem (Choi et al., 2011; Raven, 1996) . 
The objective function ( f ) is the function of design variables under the equality constraint ( h ) and inequality constraint ( g ). The upper bound ( u α ) and the lower bound ( l α ) are also enforced onto the design variables.
SQP is an efficient, gradient-based, local optimization algorithm. The method has a theoretical basis that is related to the solution of a set of non-linear equations using Newton's method, and the derivation of simultaneous non-linear equations using Karush-Kuhn-Tucker conditions to the Lagrangian of the constrained optimization problem. The equations are approximated with a quadratic form:
Minimize:
Subject to:
In Eqs. (28)- (31) 
APPLICATION
The hull-form optimization technique proposed above was applied to a container ship in order to improve the resistance performance. Fig. 7 Optimization region.
The hull-form optimization was only performed in the region 30% from station 14 to the bulb tip as shown in Fig. 7 . Figs. 8 and 9 show design variables. Fig. 8 shows the design variables which were applied for the profile modification and should only be moved in the bar in the horizontal or the vertical direction. Fig. 9 shows the design variables which were applied for the hull surface modification and should only be moved in the transverse direction. 
The displacement ( SHIP D ) and the wetted surface Area ( WET S ) of the ship are important factors in ship design and the reduction in the resistance could be achieved by the decreased displacement and the decreased wetted surface area. In the present study, constraint conditions were applied to the displacement and the wetted surface area. 
Numerical Results
Numerical analysis for the hull-form optimization was carried out at design speed ( 0.254 Fn = ). 
Experimental verification
The model test was carried out in a towing basin at Pusan National University in South Korea which has a length of 100 m and the width is 8 m and the depth is 3.5 m.
The resistance performance test and self-propulsion test were performed. Fig. 13 Comparison of models. Fig. 13 shows the model hulls of the original hull and the optimized hull. During the towing basin experiment studs were attached to the hull surface as turbulence simulators in the middle of the bulbous bow and the trim and sinkage of the models were taken into account. Table 2 shows the main measurements of the original hull and the optimized hull. The conversion from the model to the ship was made according to the 1978 ITTC performance prediction method. The form factor (1+k) was determined by Prohaska's method. Table 2 and Fig. 14 show the comparison of the results of the resistance performance test between the original hull and the optimized hull. As shown in Table 2 and Fig. 14 , residual resistance coefficient ( R C ) which was measured by the model test, was reduced about 39% at the design speed and W C which was calculated by the numerical analysis, was reduced about 27% and total resistance coefficient of the model ( TM C ) was reduced 3% and effective horse power ( EHP ) is reduced 4.6%. The self-propulsion test was carried out to confirm the speed increase according to the reduction of resistance as shown in Table 3 propeller efficiency ( O η )) for the optimized hull were similar to those of the original hull since the stern part of the ship was not modified during the optimization process. BHP was therefore reduced by about 4.6%, which was similar to the reduction of EHP . The speed of the original hull was 24.51 knots and the speed of the optimized hull was 24.74 knots for normal continuous rating ( NCR ) power. The reduction of resistance according to the hull-form optimization brought the speed up to about 0.23 knots with the same power. Fig. 16 shows the comparison of BHP . 
CONCLUSIONS
In the present study, the bell-shaped modification function was developed to efficiently modify the hull-form of the ship during the hull-form optimization process. The hull-form optimization algorithm adopting the developed method was applied to the container carrier in terms of the minimum wave-making resistance. The model test was performed to validate the adopted method and the results obtained by numerical analysis were compared with the experimental data.
The comparison between experimental and numerical analysis shows that the proposed bell-shaped modification functions are very efficient because the small number of design variables makes it possible to modify the original hull and the surface fairness of the modified hull is consistently excellent during the optimization process. The adopted optimization algorithm is proven to be applicable to search for the optimized hull-form. Further study on several types of ships is recommended in future work.
